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Release factor 3 (RF3) is a GTPase found in a broad
range of bacteria where it is thought to play a critical
‘‘recycling’’ role in translation by facilitating the
removal of class 1 release factors (RF1 and RF2)
from the ribosome following peptide release. More
recently, RF3 was shown in vitro to stimulate a
retrospective editing reaction on the bacterial ribo-
some wherein peptides carrying mistakes are pre-
maturely terminated during protein synthesis. Here,
we examine the role of RF3 in the bacterial cell and
show that the deletion of this gene sensitizes cells
to other perturbations that reduce the overall fidelity
of protein synthesis. We further document substan-
tial effects on mRNA stability and protein expression
using reporter systems, native mRNAs and proteins.
We conclude that RF3 plays a primary role in vivo
in specifying the fidelity of protein synthesis thus
impacting overall protein quantity and quality.INTRODUCTION
Translation of the genetic code into functional protein sequences
is accomplished in all domains of life by the ribosome. Protein
synthesis is a complex multistep process that can be divided
into four phases: initiation, elongation, termination and recycling.
During the elongation cycle, the ribosome selects the cognate
aminoacyl-tRNA (aa-tRNA) whose anticodon matches the
mRNA codon poised in the aminoacyl (A) site of the small ribo-
somal subunit from a large competing pool of aa-tRNAs. In
bacteria, this decoding process is fast (with an amino acid incor-
poration rate of 20 s-1) and accurate (with an in vivo missense
error rate in the range of 104-103) (reviewed in Zaher and
Green, 2009a), with these two features balanced for evolutionary
fitness (Thompson and Karim, 1982). Termination occurs
when one of three nearly universal stop codons enters the A
site and is specifically recognized by a class 1 release factor
(RF1 or RF2) that facilitates a hydrolytic reaction to release the
completed peptide. Like elongation, stop-codon recognition is
highly accurate such that the RFs rarely act on sense codons396 Cell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc.(a frequency of 1 in 105 events) (Jorgensen et al., 1993). Both
the tRNA and RF selection processes are driven by conforma-
tional rearrangements which ensure that cognate species are
preferentially accepted by the ribosome (reviewed in Zaher and
Green, 2009a).
In addition to this stringent prepeptidyl-transfer selection
process, we have recently identified a post-peptidyl-transfer-
quality-control (post PT QC) mechanism by which the ribosome,
like DNA and RNA polymerases, retrospectively (after peptide
bond formation) evaluates whether mistakes have been made
(Zaher and Green, 2009b). We showed that the ribosome moni-
tors the quality of the mRNA:tRNA interaction in the P site, and
when the interaction is mismatched, subsequent decoding
events in the A site proceed with substantial losses in fidelity
(Zaher and Green, 2010). Additional mismatches ultimately
lead to premature termination of the miscoded polypeptide by
promiscuous release factor activity.
Our initial in vitro characterization of post PT QC revealed an
unexpected dependence of premature termination on the class
II release factor 3 (RF3) where its presence substantially
enhanced (as much as 50 fold) the rate of the reaction (Zaher
and Green, 2009b). RF3 is a non-essential GTPase found in
a subset of bacteria and is most similar to elongation factor G
(EFG) (Margus et al., 2007). The factor was initially seen to stim-
ulate the hydrolytic activities of RF1 and RF2 in vitro (Capecchi
and Klein, 1969; Caskey et al., 1969; Milman et al., 1969),
a feature later exploited to isolate and identify the protein
(Grentzmann et al., 1994). Another study identified RF3 in
a nonsense suppressor screen for loss of function mutations
(Mikuni et al., 1994). Both studies implicated this factor in termi-
nation-related functions.
Early speculation focused on a potential role for RF3 in
enhancing fidelity during release, akin to the role of EFTu in
tRNA selection (Ito et al., 1996; Nakamura et al., 1996). Biochem-
ical analysis failed to support such models (Freistroffer et al.,
2000; Freistroffer et al., 1997). Rather, Ehrenberg and colleagues
showed that RF3 had no effect on the kcat for peptide release on
authentic stop codons, but stimulated release when RF1/2
concentrations were limiting relative to the ribosome. From these
data, the authors proposed that RF3 plays a primary role in the
‘‘recycling’’ of class 1 RFs during translation (Freistroffer et al.,
1997). In addition to this well documented role in recycling,
RF3 has also been shown to promote the dissociation of short
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Figure 1. A Model for the Action of RF3 in Controlling Nonsense Suppression
During protein synthesis, stop codons are typically recognized by class I release factors, leading to termination (a). Occasionally, stop codons are misread by
near-cognate tRNAs, leading to a mismatched pairing between the P-site codon and the anticodon of the peptidyl-tRNA. Under normal conditions, this ribo-
somal complex would be recognized by the post PT QC machinery (RF1/2 and RF3), leading to premature termination of protein synthesis (b). In the absence of
RF3, recognition of the mismatched complex is compromised leading to QC evasion and hence elevated levels of nonsense suppression (c).peptidyl-tRNAs from the ribosome during the translation of
short ‘‘mini-genes’’ in a reaction that also depends on Ribosome
Recycling Factor (RRF) and Elongation Factor G (EFG) (Heurgue-
Hamard et al., 1998). This role was uncovered with the
observation that inactivation of RF3 restored growth to a thermo-
sensitive peptidyl-hydrolase (PTH) strain (Heurgue-Hamard
et al., 1998).
Given the very substantial contribution that RF3makes to post
PT QC in vitro, and the more modest effects documented in
recycling, we wondered whether the principal role of RF3 in vivo
is in quality control rather than in termination. Such a view might
provide a more cogent explanation for the nonsense suppres-
sion phenotype observed in the absence of this factor. We
note that the actual nonsense suppression event produces amis-
matched ribosome complex that should be an ideal target of
post PT QC (Figure 1); this target, however, would be overlooked
in the context of RF3 deletion. The non-essential nature of RF3 in
E. coli (Mikuni et al., 1994) and its somewhat sparse distribution
throughout the bacterial kingdom (Margus et al., 2007) are
features that seem consistent with this speculation.
Here, we explore a potential primary role for RF3 in vivo in
maintaining fidelity during translation elongation. To this end,
we show that prfC deletion strains are more sensitive to muta-
tions or drugs that increase miscoding. We also find evidence
for iterated miscoding and premature termination, and the latterevent is significantly reduced in a prfC deletion strain; these data
are consistent with our earlier in vitro results. At a more global
level, our data hint at a significantly altered transcriptome and
proteome in prfC deletion strains. Our findings support a primary
role for RF3 in maintaining high-fidelity protein synthesis rather
than in termination per se.
RESULTS
Loss of RF3 Makes Cells More Sensitive to Errors
in Protein Synthesis
We hypothesized that if RF3 is important in maintaining high
fidelity during translation, then deleting the prfC gene should
render cells more sensitive to drugs such as streptomycin that
increase miscoding. We first compared the growth of the prfC
null JW5873 strain (DprfC) to its parental wild-type strain
(BW25113) in the absence and presence of streptomycin. In
the absence of antibiotic, we observe no discernible effect on
growth rate (Figure 2A). However, in the presence of antibiotic
concentrations tolerated by the wild-type strain, the DprfC strain
failed to grow at all. The synthetic phenotype was rescued by
introduction of plasmid-borne prfC into the deletion strain
(Figure 2A).
As an alternative approach for demonstrating a genetic inter-
action between RF3 and fidelity pathways, we deleted the prfCCell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc. 397
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Figure 2. Loss of RF3 Appears to Make Cells Sensitive to Perturbations that Reduce the Accuracy of Protein Synthesis
(A) A spotting assay of a dilution series showing that deletion of the prfC gene confers streptomycin-sensitivity. WT refers to the BW25113 strain, whereas DprfC
refers to the JW5873 strain.
(B) Growth curves of the indicated strains showing that the deletion of the prfC gene results in growth defects in an error-prone strain. WT refers to the Xac strain,
rpsL refers to the hyperaccurate US157 strain and rpsD refers to the error-prone UD131 strain.
See also Figure S1 and Figure S2.gene in the error-prone (ram) rpsD12 (UD131), the hyperaccurate
(restrictive) rpsL141 (US157), and the isogenic wild-type (Xac)
strains (Andersson et al., 1982). The deletion of RF3 was detri-
mental to growth only in the error-prone ram strain (Figure 2B).
As above, the slow growth is eliminated when plasmid-borne
prfC is introduced into the deletion strain. Together, the effects
of streptomycin and the ram mutation on the growth of the
prfC null mutants provide evidence for a critical role of RF3 in
accurate decoding during protein synthesis.
In addition to their known or potential roles in modulating
fidelity, both streptomycin and RF3 have been implicated in
increasing the rate of dissociation of peptidyl-tRNA from
actively-translating ribosomes (Heurgue-Hamard et al., 1998;
Karimi and Ehrenberg, 1996). We performed several additional
genetic experiments which indicate that the genetic interaction
that we document for RF3 with streptomycin reports on compro-
mised fidelity for the prfC null mutant and is independent of a role
for RF3 in peptidyl-tRNA dissociation (Figure S1 and Supple-
mental Information, available online).
In an effort to identify novel properties of the prfC null strain in
an unbiased manner, we utilized the phenotypic microarray
service provided by Biolog (Hayward, CA) to identify chemical-
sensitivities (PM11-20) or differences in metabolite-utilization
(PM1-10). These data broadly suggested that RF3 plays a critical
role in cells in various stress responses, (presented in detail in
Figures S2A and S2B). We further provide mRNA expression
analysis of prfC under various stresses to support these broad
conclusions (Figure S2C).
Premature Termination Following Starvation Depends
on RF2 and RF3
Our initial characterization of the post PT QC process involved
ribosome complexes with either a dipeptidyl- or tripeptidyl-
tRNA bound in the P site (Zaher and Green, 2009b). Given the
limited scope of these in vitro experiments, we were eager to
knowwhat the role of post PTQCmight be during authentic elon-
gation. We addressed this with a series of synthetic reporter
genes (Figure 3A), each encoding two versions of the stable
CspE protein where all asparagine residues were replaced by
aspartate. Control reporter constructs carry either a lysine
(Rep-DimK) or a stop codon (Rep-DimX) in the linker sequence398 Cell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc.between the two CspE monomers; the experimental construct
carries an asparagine codon (Rep-DimN) at this position. For
Rep-DimN, it was anticipated that under normal conditions,
where asparagine is abundant, full-length dimer protein would
be produced. In contrast, under starvation for asparagine, mis-
coding of the sole AAU codon by Lys-tRNALys would occur (Fig-
ure S3A), setting up a situation where premature termination
brought about by post PT QC could result in production of stable
monomeric protein. For these experiments, the Rep-DimX
construct should produce a monomer sized protein, while the
Rep-DimK construct should produce a dimer sized protein. In
addition, the Rep-DimK reporter should provide some sense of
how much natural stalling and drop-off there might be in the
linker region.
Using these reporters, we asked whether any significant
premature termination products were observed in an E. coli
translation extract (S30), and whether their abundance was
increased when asparagine levels were diminished. In the pres-
ence of all amino acids, the three constructs generated mostly
protein of anticipated length, monomeric product for Rep-
DimX and dimeric product for Rep-DimK and Rep-DimN (data
not shown), though we note that Rep-DimN (with an AAU codon
that is inefficiently read in vitro) already generates some trun-
cated product. In the absence of asparagine, the control
reporters (Rep-DimX and Rep-DimK) again produced protein
products of the expected lengths, while the test reporter (Rep-
DimN) now produced an increased amount of monomer relative
to dimer (Figure 3B). The fraction of monomer produced was
reduced when RF2 was immunodepleted from the extract or in
the presence of the release inhibitor paramomycin (Youngman
et al., 2007) (Figure S3B) and increased by the addition of exog-
enous RF3 (Figure 3). These data are consistent with the idea
that the monomeric truncated protein results from a premature
termination event that depends on both class 1 (RF2) and class
II (RF3) release factors.
We next asked whether the same features of premature
termination were recapitulated in an in vivo setting. For this, we
generated a prfC deletion strain in the background of the
E. coli asparagine auxotroph JK643 (Precup and Parker, 1987).
The DprfC strain (HZ001), with or without pBADprfC, and the
parental JK643 strain were transformed with the various reporter
constructs (described above) expressed at low levels from the
constitutive CAT promoter. Total cellular proteins were labeled
by pulsing the growing cells with [35S]-methionine, in the pres-
ence or absence of the amino acid asparagine in the media.
The products from the reporter constructs were then affinity-
purified (using the HA epitope at the N-terminus) and resolved
on Tris-Tricine SDS-PAGE.
As expected, the Rep-DimX reporter yielded only monomer
product while the Rep-DimK reporter yielded primarily dimer
product, both in the presence and absence of free asparagine
in all strains tested. We note the presence of several bands for
Rep-DimK that copurified in the HA-pulldown that we establish
to be non-specific using 2D-PAGE (Figure S3C). In the presence
of asparagine, the test construct, Rep-DimN, yielded the
expected full-length dimeric product, while in its absence, the
Rep-DimN construct also yielded a truncated product of a size
similar to that of the monomer. We evaluated the ratio of mono-
mer to full-length product for the various strains (assuming
monomer contains half the methionine residues found in dimer
product). Consistent with a role for RF3 in the QC mechanism,
the fraction of monomeric product was substantially decreased
(3-fold) in the prfC null strain (Figure 3C); moreover, the fraction
of monomeric product was restored on reintroduction of
plasmid-borne prfC.
While these data were consistent with post PT QC being
responsible for production of the truncated protein product,
there are other mechanisms that might lead to premature termi-
nation. As noted previously, RF3, in cooperation with RRF and
EFG, has been implicated in promoting peptidyl-tRNA drop-off
(Heurgue-Hamard et al., 1998). We note that stimulation of pep-
tidyl-tRNA dissociation by RF3/RRF/EFG is limited to relatively
short (<7 amino acids) ribosomal nascent chains (Heurgue-
Hamard et al., 2000), much shorter than the 90 amino acid
long products characterized here. Moreover, in other studies,
RF3 did not contribute to peptidyl-tRNA dissociation from stalled
ribosome complexes (Janssen and Hayes, 2009). Despite these
already compelling arguments,we further ruled out a contribution
of peptidyl-tRNA drop-off in a series of biochemical experiments
using S30 extracts and our in vitro reconstituted system
(Figure S3).
Prematurely Truncated Proteins Exhibit Heterogeneity
Consistent with Iterated Miscoding
The prematurely-terminated products were further analyzed to
ask what was substituted at the sensitive asparagine codon
under conditions of starvation, and to evaluate any C-terminal
heterogeneity that might recapitulate the iterated miscoding
documented in vitro (Zaher and Green, 2009b). We hoped to
distinguish between those peptides that were released at the
stall site prior to the incorporation of asparagine or lysine (with
Rep-DimX product for size comparison), and those that had
incorporated asparagine or lysine, or potentially additional mis-
coded amino acids. For this, we used 2D-gel electrophoresis
to further resolve the apparent single species isolated from the
1D gels (Figure 3C).
When looking at full-length products, because starvation is not
complete, a fraction of the full-length (f) product results from
correct decoding of the asparagine codon (N) and the remainderlikely corresponds to miscoding by Lys-tRNALys given the basic
shift (fNN and fNK in Figure 3D, respectively, where the super-
script refers to the likely amino acid incorporated at the sensitive
site). As anticipated, the majority of the truncated (t) products in
the Rep-DimN sample in the absence of asparaginewere distinct
from the full-length Rep-DimX product (fXX) (see Figure S3C
panel V, where the two critical samples were resolved on the
same gel), and migrate in a manner that suggests that at least
one positively charged amino acid (likely lysine) has been added
to the prematurely terminated product (e.g., tNK). Most interest-
ingly, consistent with our previous in vitro analysis of post PT QC
(Zaher and Green, 2009b), the 2D-PAGE analysis hinted at
iterated events of miscoding before termination, as seen in the
heterogeneous population of prematurely terminated products
(multiple species labeled as tNK* in Figure 3D).
After identification of the various distinct products found in the
monomeric and dimeric bands isolated from the 1D gel (by anal-
ysis of panels I-V in Figure S3G), we performed a quantitative
analysis by determining the ratio of prematurely terminated
products tNK and tNK* (i.e., those representing truncated prod-
ucts where miscoding has occurred, and not the stalled tNx
product) to mistranslated full-length product fNK (i.e., represent-
ing full-length miscoded product that evaded post PT QC) (Fig-
ure 3E). After taking account the expected number of methionine
residues in the various products (2 and 4 for the short and long
products, respectively), the contribution of post PT QC to overall
fidelity is estimated to be 10 under the chosen cellular condi-
tions. These findings are broadly consistent with our previously
reported value for the contribution of post PT to QC to fidelity
in a purified in vitro system (Zaher and Green, 2009b).
Post PTQC-Associated IteratedMiscoding Documented
by Mass Spectrometry
Next we set out to explore potential iterated miscoding using
mass-spectrometry. To increase expression levels of the
proteins of interest for MALDI-TOF, we moved the Rep-DimX
and Rep-DimN encoding sequences into an IPTG-inducible
overexpression vector pPROEX-HTb. As before, in the presence
and absence of asparagine, monomeric product of 9 kDa was
produced with the Rep-DimX reporter (Figure 3F); when these
products were examined by MALD-TOF, the molecular weight
of the products from the two conditions was essentially the
same (8653.13 and 8650.80 Da, respectively) (Figure 3G),
agreeing well with the predicted value of 8653.75 Da. For the
Rep-DimN reporter, in the presence of asparagine only full-
length dimer was seen, while in the absence of asparagine two
products were seen, one monomeric and the other dimeric (Fig-
ure 3F). For full length Rep-DimN product generated in the pres-
ence of asparagine, we observed two m/z peaks, a peak at
17317.61, close to the predicted molecular weight of the dimer
of 17321.47, the M1+ peak, while the second peak at 8663.45
corresponds to the M2+ peak. In the absence of asparagine, in
addition to these same two peaks that derive from full-length
dimer, we observe a heterogeneous collection of peaks in the
m/z spectra that is overall larger than both the monomer M+1
and the dimer M2+ peaks of 8653 and 8663 (these peaks were
not resolved on the spectra), respectively (Figure 3G). These
peaks correspond to additional mass of 150–750 Da (1–7Cell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc. 399
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Figure 3. Post PT QC Takes Place In Vivo and Depends on RF3
(A) Schematic of reporter dimers (Rep-Dim) used for following premature termination as a function of asparagine starvation.
(B) An autoradiograph of an SDS-PAGE gel of an S30 in vitro translation assay demonstrating that premature termination takes place during bona fide elongation
and is stimulated by the addition of RF3. The ratio of the monomer to the dimer is indicated at the bottom of the gel.
(C) An autoradiograph of a Tris-Tricine gel used to follow the status of in vivo pulse-labeled reporters. Constructs were transformed into the asparagine auxotroph
JK463 (labeledWT), itsDprfC derivative HZ001 (labeledDprfC), and a derivative of the latter carrying a copy of the prfC gene on a plasmid (labeled pBADprfC). The
cells were pulse-labeled with [35S]-methionine in the presence and absence of asparagine, and protein products affinity purified using the N-terminal HA-tag.
(D) 2D-PAGE analysis of the prematurely terminated product from Rep-DimN indicates the substitution of a positively-charged amino acid (most likely lysine) in
the product. fNN represents a correctly decoded full-length product, fNK represents a full-length product with a lysine substitution, tNX represents a monomer-
length product with no additional amino acids, tNK indicates a monomer-length product with one lysine residue added, and tNK* indicates monomer-length
products containing additional positively charged residues.
(E) Quantitative analysis of the 2D-gel in (D). The fractional radioactivity corresponding to the indicated spot is plotted.
(F) A coomassie-stained SDS-PAGE gel used to follow the purification of the indicated reporter protein products for mass-spec analysis. Ni-NTA lane denotes
proteins that bound to the resin, while TEV-cleavage denotes the flow-through over Ni-NTA resin after TEV-cleavage of the His-tag.
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amino acid residues in mass) relative to the monomer, with the
most prominent peak at 9114 Da adding 450 Da (4 amino
acid residues) to the monomer (Figure 3G). These findings are
in striking agreement with our previous in vitro predictions (Zaher
and Green, 2009b) and provide our first insights into the likely
number of miscoding events that might occur in vivo.
A Broad Impact of RF3 on Protein Expression
In the previous sections, we used a reporter protein and a pro-
grammed miscoding event to specifically visualize and study
RF3-mediated premature termination. We were next interested
in looking more globally at the effects of RF3 function on protein
output in a strain with general and unpredictable miscoding
events. We first evaluated by western analysis the overall yield
of Rep-DimK reporter in the wild-type Xac strain, the hyperaccu-
rate rpsL141 strain (US157) and the error-prone rpsD12 strain
(UD131). We chose this construct because we knew that the
protein was generally poorly expressed and anticipated that it
might be generally subject to post PT QC. In the wild-type and
hyperaccurate background, where relatively little miscoding
takes place, the prfC null mutation had no discernible effect on
the yield of full-length protein (Figure 4A). In contrast, in the
error-prone background (rpsD12) where significantly more mis-
coding takes place, the prfC null strains produced considerably
more full-length protein. These observations are consistent with
the proposed role of RF3 in post PT QC; increased miscoding
results in decreased product since RF3 prematurely terminates
proteins where errors occur, and conversely, yield increases
when post PT QC is inactivated (in DprfC strain). As anticipated,
the increased yield of full-length protein seen in the DprfC strain
was lost on reintroduction of plasmid-borne prfC (Figure 4A).
Unlike our previous analysis of the Rep-DimN construct under
conditions of asparagine starvation where a stable prematurely
terminated product was produced (Figure 3C), our analysis
here relied on unpredictable miscoding and hence unpredictable
premature termination events that are expected to produce
heterogeneous and labile products that are not easily detected.
We also note that although more full-length protein is produced
in the absence of RF3, the protein is expected to be mistake-
ridden.
As an alternative approach, we evaluated the expression of the
Rep-DimK reporter in the wild-type Xac strain, but now in the
presence of the miscoding aminoglycoside streptomycin.
Consistent with the rpsD12 data, streptomycin had substantial
effects on protein yield whichwere alleviated by the prfC deletion
(Figure 4A).
A potential general role for RF3 in protein output was further
evaluated using 2D-PAGE analysis of newly synthesized
proteins as detected by pulse-labeling with [35S]-methionine.
Direct comparisons of protein output from wild-type and the
prfC deletion strain reveal widespread differences in the protein
output of the cell (Figure S4A); the visual differences were quan-(G) MALDI-TOFmass spectra of the indicated sample in the presence or absence
anm/zM+ peak (labeled fNN(+))as well as a correspondingM2+ peak (labeled fNN(2+
slightly greater than the fNN(2+) and stalled M+ monomer peak (tNX(+)) were additio
spectra in the presence and absence of asparagine, with one prominent m/z pea
See also Figure S3.titatively evaluated using unbiased line analysis (Figure S4B).
Again, consistent with the connection that we have established
between RF3 and fidelity, differences in the protein expression
pattern were most pronounced in the rpsD12 strain (with and
without RF3).
A Broad Impact of RF3 on mRNA Stability
Because we had documented substantial effects on protein
expression in the DprfC strain, we next asked whether these
observed effects correlated with RNA levels. Steady-state levels
of the Rep-DimK transcripts were largely independent of the
presence of prfC both in the wild-type and hyperaccurate strains
(rpsL141), while the RNA levels variedwidely as a function of prfC
in the error-prone strain (rpsD12) and in the wild-type strain incu-
bated with streptomycin (Figure 4B). In these error-prone situa-
tions (rpsD12 and streptomycin), the mRNA levels appear to
broadly correlate with the amount of protein produced in the cor-
responding strain.
As these results could reflect transcriptional or post-transcrip-
tional effects, we asked whether the presence of RF3 has any
impact on the rate of transcription in these strains. For this,
we developed a modified ‘‘run-on’’ assay for E. coli, and ob-
served no differences in the amount of nascent Rep-DimK and
rpoB transcripts in the DprfC strains relative to their parental
strains (Figure S5) indicating that RF3 plays no direct role in
transcription.
The increased steady-state mRNA levels observed for the
reporter in the absence of RF3 likely reflects a decreased rate
of mRNA decay. This idea was tested by comparing the rate
of decay for the Rep-DimK transcripts together with a subset of
randomly-chosen endogenous transcripts (ompA, lrp andmsrA)
in the DprfC and parental strains. Rifampicin was added to the
cultures to inhibit transcription initiation, aliquots were taken at
different time points and the level of various transcripts
analyzed by Northern blot. In the wild-type DprfC strain, the
half-life of the Rep-DimK transcript was at least fourfold
higher than in the parental strain (Figure 4C); we observed
equivalent effects on the stability of other mRNAs (Figure 4C
and data not shown). Interestingly, in the hyperaccurate strain,
all tested mRNAs appeared to be substantially stabilized rela-
tive to the wild-type Xac strain; indeed, the transcripts were
so stable that we were unable to determine their actual half-lives
(Figure 4C). The effects of RF3 on mRNA stability were most
profound in the error-prone rpsD12 strain where, for example,
the half-life of the Rep-DimK transcript increased from 1 min
in the parental strain to > 16 min in the equivalent DprfC strain
(Figure 4C).
These findings provide evidence for a relationship between
translational fidelity andmRNA stabilitymodulated by RF3.While
we observe significant differences in mRNA stability among the
wild-type, hyperaccurate and error-prone strains (rpsL > WT >
rpsD), mRNAs in all strains were stabilized in the absence ofof asparagine. In the presence of asparagine, the Rep-DimN sample generated
)). In the absence of asparagine, a collection of peaks corresponding tomasses
nally observed. In contrast, the Rep-DimX sample generated almost identical
k (fXX(+)).
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Figure 4. Protein and mRNA Levels Are Impacted by RF3 in a Fidelity-Dependent Manner
(A) Western blot used to assess the expression of Rep-DimK in the indicated strains (WT, rpsL and rpsD here refer to the Xac, hyperaccurate US157 and error-
prone UD131 strains, respectively).
(B) Northern blot of the same samples as in (A) used to assess the level of the reporter transcripts in the different strains.
(C) Northern blot used to determine the stability of mRNAs by measuring the levels of transcripts following the inhibition of transcription initiation using rifampicin
(Rif). The half-lives, indicated at the bottom of the blots, were determined by plotting the relative amount of the transcript to the 23S rRNA and were fit to a single-
exponential decay function.
See also Figure S4 and Figure S5.RF3, especially notable given the normal range of mRNA half-
lives in E. coli ranging from 2 to 8 min.
The changes that we observe in protein and mRNA levels in
the absence of RF3 suggest that we might see differences in
the polysomal profiles of the various strains that reflect changes
in ribosomal occupancy. Such a correlation between transla-
tional inefficiency and compromised mRNA stability has been
well-documented (for example, Nogueira et al., 2001), and likely
depends on direct protection of transcripts by the ribosome. If
this were the case, we would anticipate that mRNAs would be402 Cell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc.enriched in the heavy polysomal fractions in the DprfC strain,
where mismatched ribosome complexes are no longer effec-
tively cleared. Indeed, analysis of the wild-type strain and hyper-
accurate strains revealed modest effects of the prfC deletion on
the total amount of polysomes (Figures S6A and S6B), while
more substantial effects were observed in the error-prone strain
(Figure 5A). In the error-prone strain, while only a small fraction of
ribosomes was found in the heavy polysome region, in the DprfC
error-prone strain, the fraction of ribosomes in polysomes
increased by as much as a factor of 15 (Figure 5A). As before,
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Figure 5. Deletion of RF3 Increases Ribosome Occupancy of the mRNAs in an Error-Prone Background
(A) Polysome profile of the error-prone rpsD strain (UD131) and its prfC deletion derivative.
(B) Northern blot of the same fractions follows the distribution of two endogenous transcripts, ompA and lrpA, across the gradient.
(C) Western blot of fractions from the sucrose-density gradient in (A) used to follow the distribution of RF1 and RF2 across the gradient.
See also Figure S6.we expect that these differences are easier to observe in an
error-prone strain where RF3 plays a more significant role (Fig-
ure 5 and Figures S6A and S6B). We note that the distribution
of two randomly chosen endogenous transcripts (ompA and
lrpA) is enriched in the polysomal fractions in the DprfC strain
(Figure 5B). While the increased polysome density in the DprfC
strain might be explained by defects in recycling as a result of
slower dissociation of RF1/2 from the ribosomes (Freistroffer
et al., 1997), it is not clear why increased polysome density would
correlate with compromised fidelity. Moreover, the distributions
of both RF1 and RF2 across the gradient appear to be largely
unaffected by the prfC deletion (Figure 5C).
To extend these results, we compared the polysome profile of
a WT and a DprfC strain under conditions of general starvation
(Figure S6C). Here, we chose the asparagine auxotrophic
JK463 strain and its DprfC derivative. Consistent with the results
from the error-prone strain, under amino acid starvation (and
hence elevated error levels), the heavy polysome density was
substantially higher in the DprfC strain (Figure S6C).RF3 Minimizes Frameshifting
While post PT QC appears to reduce missense errors during
translation, these errors are typically less deleterious than frame-
shifting errors which inevitably eliminate protein function and
often produce toxic proteins. At a molecular level, the likely
outcome of any frameshifting event will be mismatched pairings
between the codon and anticodon in both the P and E sites of the
ribosome. These complexes are expected to be prime targets for
recognition by RF3-dependent post PT QC (Zaher and Green,
2009b).
We set out to explore the role of RF3 in frameshifting quality
control on the ribosome. We first constructed a reporter (rep-
Dimfs) that contains a modified version of the efficient and
well-studied programmed prfB frameshifting sequence (Craigen
and Caskey, 1986). In particular, the stop codon that naturally
occupies the A site just before frameshifting occurs was
changed to the rare arginine codon AGG to disentangle effects
that RF3 might have on canonical release (Figure 6A). A mutant
version of this construct (rep-Dimfsm) that disrupts the prfBCell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc. 403
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Figure 6. Deletion of RF3 Leads to Elevated Levels
of Frameshifting
(A) Schematic of the reporter used to assess the levels of
frameshifting with relevant elements labeled. The myc-tag
is in the 1 frame, and as a result is only expressed when
a +1 frameshift occurs.
(B) Western blot using antibodies against the N-terminal
His-tag and the out of frame C-terminal myc-tag. In all
strains, deletion of prfC is accompanied by an increase in
expression of the dimer. Conversely, overexpression of
RF3 is accompanied by a decrease in expression of the
dimer.
See also Figure S7.Shine-Dalgarno frameshifting trigger was used to confirm the
mechanism of frameshifting in these experiments (Figure S7).
In the absence of frameshifting, a smaller protein (monomer,
M, in Figure 6B) will be produced; when frameshifting occurs,
a larger protein (dimer, D, in Figure 6B) will be produced. The
reporter was designed to have a His tag at the N-terminus and
an out of frame C-terminal myc tag (which is only expressed
if +1 frameshifting takes place). The reporter was expressed in
the same strains used throughout this study (WT, rpsL and
rpsD with and without prfC) and western analysis was per-
formed, probing with anti-His and anti-myc antibodies. In all
strains, deletion of prfC resulted in a marked increase in dimer
production (frameshifting) when the samples were probed for
the N-terminal His tag, with the highest level of frameshifting
seen in the error-prone strain (Figure 6B); similar effects were
observed when the same samples were probed for the
C-terminal myc-tag (especially in the rpsD12 strain). In all strains,
overexpression of RF3 from a plasmid-borne copy greatly
reduces the amount of frameshifting (Figure 6B). These data
argue that RF3 plays a crucial role in controlling the frequency
of frameshifting in E. coli.
DISCUSSION
Here, we demonstrated that the class II release factor RF3 is
principally involved in dictating the overall fidelity of protein
synthesis in vivo through its function in post PT QC and not, as
previously thought, in recycling class I RFs during normal termi-
nation (Freistroffer et al., 1997). We further uncover unantici-
pated connections between RF3 and global cellular protein
and RNA levels.
These insights were initially revealed through the sensitivity of
the DprfC strain to the induction of miscoding in vivo (Figure 2).
Subsequently, by exploring the molecular events of post PT
QC in vivo with various reporters, we were able to define the
role of RF3 in this process (Zaher and Green, 2009b). We found
that: (1) premature termination following starvation-inducedmis-
codingwas dependent onRF3 (Figure 3C); (2) iteratedmiscoding
does occur following the initial miscoding event (as documented
by mass spectrometry, Figure 3G); (3) post PT QC increases the
overall fidelity of protein synthesis by as much as a factor of 10
(Figure 3D,E).404 Cell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc.We further document profound connections between RF3 and
global protein and mRNA levels. Under conditions that lead to
elevated miscoding, the deletion of RF3 leads to general
increases in protein yield and decreases in protein quality (Fig-
ure 4A and Figure S4). Interestingly, we also observed an inti-
mate relationship between the fidelity of protein synthesis and
mRNA stability that appears to be strongly modulated by RF3
(Figure 4C). This relationship between translational efficiency
and mRNA stability was accounted for through differential ribo-
somal occupancy in the various strains (Figure 5 and Figure S6).
The overall biochemical and genetic data strongly support the
model proposed in Figure 7 where RF3 plays an essential role
in maintaining high fidelity protein synthesis in E. coli.
In retrospect, early in vivo data provided evidence for a model
where RF3 plays a critical role in maintaining high-fidelity protein
synthesis (Capecchi, 1967; Caskey et al., 1969; Grentzmann
et al., 1994;Mikuni et al., 1994;Milman et al., 1969). In these early
studies, RF3 was isolated as a nonsense suppressor (Mikuni
et al., 1994), a phenotype classically associated with either
a suppressor tRNA (with a compensatory change in the anti-
codon) or, as was the case with RF3, with changes in the effi-
ciency of the peptide-release reaction. We realized, however,
that the efficiency of stop-codon readthrough depends on a
miscoding event that results in amismatched P-site tRNA:mRNA
interaction; decreased post PT QC on these complexes will
increase readthrough signal. These ideas provide a clear ratio-
nale for the isolation of RF3 in the nonsense suppressor screen
(Figure 1), despite the rather limited impact of this factor in termi-
nation per se (Freistroffer et al., 2000).
Later studies by Buckingham and colleagues similarly docu-
mented context-specific effects on the efficiency of stop-codon
readthrough on interruption of the prfC gene, again consistent
with a role for RF3 in post PT QC (Grentzmann et al., 1995); these
differences in efficiency in vivo are consistent with variation that
we observed in vitro (Zaher and Green, 2009b). The study by
Buckingham and colleagues also showed that interruption of
prfC leads to increases in frameshifting at the prfB-programmed
frameshift sequence (Grentzmann et al., 1995); these results are
consistent with the effects of RF3 on premature termination
following frameshifting that we document here (Figure 6). Finally,
RF2 synthesis in E. coli depends on an auto-regulatory pro-
grammed frameshift where the efficiency of output almost
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Figure 7. Schematic of the Proposed Model for RF3 Action in Maintaining High-Fidelity Protein Synthesis
Under conditions where the accuracy of protein synthesis is relatively high, few mistakes occur during protein synthesis and translation continues until canonical
termination takes place. Under conditions (such as starvation) where the accuracy of protein synthesis is compromised, more mistakes occur during protein
synthesis, leading to the generation of mismatched complexes, to iterated miscoding, eventually resulting in recognition of the aberrant complexes by class I RFs
and RF3.certainly depends on temporarily reduced levels of post PT QC
(since [RF2] itself is low) (Craigen and Caskey, 1986).
The role of RF3 in recycling has been well documented and
characterized in detail (Mora et al., 2003; Zavialov et al., 2001,
2002; Zavialov and Ehrenberg, 2003). The model for its action
in recycling (reviewed in (Kisselev et al., 2003)) involves a weak
association step between RF3:GDP and the ribosome and
exchange of GDP for GTP triggered by the presence of class I
RF on the ribosome. Strong interactions between the ribosome
complex and RF3:GTP trigger conformational changes that
lead to dissociation of the class I RF, the hydrolysis of GTP,
and ultimately the release of RF3:GDP from the ribosome. While
a recycling role for RF3 is not disputed here, we suspect that the
relatively modest impact of RF3 on recycling (Freistroffer et al.,
1997) is likely to limit its impact on cellular fitness and may not
explain the nonsense-suppression phenotype observed in its
absence. Consistent with this idea, the total concentration of
RF1/2 has been estimated to be in the range of 14–60 mM while
that of the ribosome is in the range of 5–55 mM (with 21%–33%
occupied by an RF) (Adamski et al., 1994); both ranges are
orders of magnitude above the in vitro determined Km value for
the RF-ribosome interaction. As additional support for this
idea, we showed that the deletion of RF3 does not affect the
extent of RF1/2 association with the ribosomes in vivo (Figure 5).
Another prediction from a role for RF3 in recycling is that dele-
tion of the factor should lead to stalling, and ultimately in reducedrates of protein synthesis. We might also expect overall reduced
growth rates, independent of strain-fidelity background.
Contrary to this prediction, the deletion of prfC from the wild-
type and hyperaccurate (rpsL141) strains has no apparent effect
on growth rate and thus the overall rate of cellular protein
synthesis. In the error-prone strain (rpsD12), the deletion of
prfC increased protein output for certain proteins, however
with significantly reduced growth rate (Figure 2 and Figure 4).
These observations are inconsistent with a primary recycling
function for RF3 in vivo and are instead consistent with a role
in increasing overall fidelity during protein synthesis.
RF3 has also been shown to increase the dissociation of short
peptidyl-tRNAs from the ribosome in a reaction that depends
on RRF and EFG (Heurgue-Hamard et al., 2000, 1998). This
activity for RF3 appears to be distinct from its role in recycling,
as recent genetic studies have identified a class of mutations
in RF3 that appear to affect the peptidyl-tRNA dissociation
activity without affecting recycling (Watanabe et al., 2010).
Here we perform several experiments that confirm that the
effects of RF3 that we document are the result of post PT QC,
rather than of peptidyl-tRNA drop-off. First, the action of RF3
in promoting premature termination was correlated with
reduced fidelity conditions (Figure 2, Figure 3, and Figure 4)
that appear not to affect the rate of peptidyl-tRNA dissociation
(Figures S1 and S3). Second, competition assays show that
dissociation of peptidyl-tRNAs from mismatched complexesCell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc. 405
as catalyzed by RF3/RRF/EFG could at most contribute up to
30% of the observed premature termination (with short dipep-
tidyl-tRNA ribosomal complexes, Figure S3D), but would mini-
mally contribute to premature termination during more typical
translation elongation (with longer ribosomal nascent chains,
Figure S3F).
At a molecular level, how might RF3 modulate the activity of
the class I RF on mismatched ribosomal complexes? While we
have no structural information for ribosomes bound by both
a class I RF and RF3, cryoEM reconstructions of post-termina-
tion complexes with either RF3:GDP or RF3:GDPNP bound
(Gao et al., 2007; Klaholz et al., 2004) offer some clues. These
structures suggest that class I and II RFs can be bound simulta-
neously to the ribosome. The binding of RF3 to a post-termina-
tion complex, however, appears to induce conformational
changes in the decoding and GTPase activation centers of the
ribosome, likely changing the interaction between the class I
RF and the ribosome (Gao et al., 2007), and hence could stimu-
late their catalytic potentials on mismatched complexes. These
ideas are supported by earlier studies showing that RF3 stimu-
lates the kcat of RF1 and RF2 on near-stop complexes (Freis-
troffer et al., 2000).
RF3 is only found in a subset of bacteria, and no ortholog is
known to exist in eukaryotes (Margus et al., 2007). Eukaryotic
RF3 (eRF3) is a core and essential component of the termination
machinery, where it is thought to form a heterodimer with eRF1 in
solution before the complex catalyzes peptide release on the
ribosome (Pisareva et al., 2006). Consistent with this distinction
between RF3 and eRF3, RF3 ismore closely related to EFGwhile
eRF3 is more closely related to EFTu/EF1a (Margus et al., 2007).
Indeed, a recent in vitro biochemical study from our laboratory
found that post PT QC appears not to exist in the eukaryote
Saccharomyces cerevisiae, at least with a mechanism similar
to that documented in bacteria (Eyler and Green, 2011). Eukary-
otes tend to possess multiple ribosome-based quality control
processes such as nonsense-mediated decay (NMD), no-go
decay (NGD) and no-stop decay (NSD) (Isken and Maquat,
2007), and so it seems possible that a form of post PT QC exists
in these organisms, but involves factors yet to be identified.
Alternatively, as protein synthesis in eukaryotes proceeds with
higher overall accuracy than seen in E. coli (Kramer et al.,
2010), and a cost of slower tRNA-selection parameters
(Matthews et al., 2007), the additional contribution to fidelity
from post PT QC may be unnecessary. Further analysis will
better define the similarities and differences in molecular mech-
anism in the distinct lineages.EXPERIMENTAL PROCEDURES
Detailed methods are described in the Supplemental Information.
Bacterial Strains and Plasmids
E. coli strains used in this study are listed in Table S1. DprfC strains were
generated through standard P1-phage transduction (Sternberg and Hoess,
1983) using the Keio Collection JW5873 (Baba et al., 2006; Datsenko and
Wanner, 2000) as a donor and screening for kanamycin resistance. Deletion
of prfC was confirmed using PCR amplification with prfC-specific primers in
the presence of prfB-specific primers used as a control. Plasmids used in
this study are listed in Table S2.406 Cell 147, 396–408, October 14, 2011 ª2011 Elsevier Inc.Cell-free In Vitro Translation Assays
S30 extracts were prepared essentially as described earlier (Kigawa et al.,
2004). mRNA templates were generated using T7 in vitro transcription from
double stranded DNA (Zaher and Unrau, 2004). In a typical 20 ml reaction,
translation was initiated by incubating the mRNA (2 mM) in the presence of
500 mM of each amino acid (minus methionine and where indicated aspara-
gine), 0.5 mCi/mL of [35S]-methionine (specific activity 1175 Ci/mmole), 8 ml
S30 premix (Promega) and 6 ml of the S30 extract. The mixture was incubated
at 37C for 30 min. Reactions were stopped by adding 5-fold excess of cold
acetone to precipitate total proteins. After centrifugation, radio-labeled
proteins were resolved using 4%–12% Tris-Bis SDS PAGE (Bio-rad) or where
indicated using 12% Tris-Tricine PAGE.
Analysis of Reporter Products under Starvation Conditions
pACYCRep-DimK, pACYCRep-DimN and pACYCRep-DimX plasmids were
transformed into the JK463 strain and its DprfC derivatives HZ001 and
HZ001(pBADprfC). The cells were incubated at 37C while shaking until their
OD600nm reached 0.6; at this point the culture was centrifuged at 5,000 3 g
for 5 min and the cell-pellet washed three times with 50 ml of M9 minimal
media. Each cell pellet was resuspended in 100 ml of M9 media and split
into two 50 ml cultures, and asparagine was added to one of the cultures at
a concentration of 100 mg/mL. The cultures were incubated for an additional
30min before 200 mCi of [35S]-methioininewas added. The reporters were puri-
fied using the Anti-HA Immunoprecipitation Kit fromSigma. The reporters were
then resolved on 12% Tris-Tricine PAGE gels, visualized and analyzed as
described earlier.
For 2D-PAGE analysis of the purified reporters, the proteins were first
precipitated from the loading dye by the addition of 5 fold excess of cold
acetone. The protein-pellet was resuspended in water and reprecipitated as
before; this procedure was repeated 3 times to get rid of any contaminating
SDS. The rest of the procedure used to resolve the proteins on both dimen-
sions is described in detail in the GE Lifesciences handbook of ‘‘2-D Electro-
phoresis Principles and Methods.’’
Western-Blotting Analysis of Protein Expression
pASKRep-DimK plasmid was transformed into the Xac (WT), US157 (rpsL141)
and UD131 (rpsD12) strains and their derivatives (Table S1). The reporter was
induced by the addition of anhydrotetracycline to a final concentration of
200 ng/mL. After 30 min of induction, the cells were split into two tubes (one
used for Western analysis while the second was used for Northern analysis).
Cells were pelleted and resuspended in 200 ml SDS loading buffer and the lysis
completed by sonication and boiling. 20 ml of each sample (30 mg of total
protein) was loaded onto 4%–12% Tris-Bis SDS PAGE gels. Proteins were
then transferred onto PVDF membranes using a semi-dry apparatus. After
blocking with skim milk in PBST, the membranes were incubated with primary
antibodies at 4C overnight. For unconjugated primary antibodies, the
membranes were washed extensively with PBST before the addition of
secondary antibodies. Detection of the HRP-conjugate was accomplished
using the SuperSignal ELISA Pico Chemiluminescent Substrate from Thermo-
scientific after washing the membranes with PBST.
Northern-Blotting Analysis and Determination of mRNA Half-Lives
Nucleic acids were isolated from the cell-pellet above using hot phenol extrac-
tion (Jahn et al., 2008), followed by chloroform extraction and ethanol precip-
itation. The pellet from the ethanol step was resuspended in water and the
concentration of nucleic acids determined using the absorbance at 260 nm.
10 mg of total nucleic acid from each sample was resolved on a 1% formalde-
hyde denaturing agarose gel and then transferred onto Hybond XL Nylone
membranes (GE Lifescieciences) using a vacuum manifold setup. The nucleic
acids were cross-linked onto the membrane using a UV oven (Stratagene)
followed by baking at 80C for 20 min. The membranes were prehydbridized
using the Rapid-hyb buffer (GE Lifesciences) at 68C for at least 30 min in
a hybridization oven. The radio-labeled DNA probe (described in the Extended
Experimental Procedures) was then directly added to the Rapid-hyb buffer
around the membrane, and incubated at 68C overnight. Membranes were
initially washed 33with a nonstringent buffer (23 SSC buffer, 0.1% SDS), fol-
lowed by washing 3 3 with a stringent buffer (0.1 3 SSC buffer, 0.1% SDS),
both at 68C. The membranes were sealed in heat-sealable bags, exposed to
a phosphorimager screen and analyzed as described earlier using a Typhoon
phosphorimager. The membranes were stripped using a 0.1% SDS solution
and incubation at 95C, before reprobing for a different transcript.
mRNA half-lives were determined by isolating nucleic acids (using a hot-
phenol procedure) from cultures harvested at various time points after tran-
scription was inhibited by the addition of Rifampicin (final concentration of
0.5 mg/mL). The half-lives were then measured by northern-blotting as
described earlier.
Polysome Analysis
Analysis of the polysome profiles in the different strains was carried out using
published protocols (Ron et al., 1966) except that chloramphenicol was added
to a final concentration of 100 mg/mL 5 min before initiation was halted by the
addition of an equal volume of ice to the growing culture. The profiles were
exported into a spreadsheet using DataThief III software, and the integration
was done using GraphPad Prism5 software. For northern analysis, RNA was
isolated from the polysome fractions using phenol/chloroform extraction
followed by ethanol precipitation and analyzed as before. For western
analysis, proteins were initially precipitated using 10% TCA and incubation
at 4C overnight. Protein pellets were resuspended in SDS loading buffer
and analyzed as described earlier.
MALDI-TOF Analysis
0.5 ml of the matrix (saturated a-cyano-4-hydroxycinnamic acid solution in
50% acetonitrile containing 0.1% TFA) was applied to a 100-well stainless
steel plate followed by the addition of 0.5 ml of each sample. The mixture
was allowed to dry before inserting into a Voyager DE-STR MALDI-TOF
mass spectrometer (Applied Biosystems) equippedwith a nitrogen laser giving
a 337 nm output. The ions were accelerated with a voltage of 25 kV, and
measurements made in the delayed extraction mode with a 5000 Da low-
mass gate. The spectrometer was used in the positive-ion detection and linear
mode. Typically we collected 50–100 shots per spectrum. Prior to data collec-
tion, the instrument was externally calibrated with a mixture of insulin, cyto-
chrome c, apomyoglobin, and aldolase (all from Sigma).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,
two tables, and seven figures and can be found with this article online at
doi:10.1016/j.cell.2011.08.045.
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